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Abstract. An all-sky airglow imager (ASAI) was installed at
Xinglong, in northern China (40.2◦ N, 117.4◦ E) in Novem-
ber 2009 to study the morphology of atmospheric gravity
waves (AGWs) in the mesosphere and lower thermosphere
(MLT) region. Using one year of OH airglow imager data
from December 2009 to November 2010, the characteris-
tics of short-period AGWs are investigated and a yearlong
AGW climatology in northern China is ﬁrst ever reported.
AGW occurrence frequency in summer and winter is higher
than that in equinoctial months. Observed bands mainly have
horizontal wavelengths from 10 to 35km, observed periods
from 4 to 14min and observed horizontal phase speeds in
the range of 30 to 60ms−1. Most of the bands propagate
in the meridional direction. The propagation directions of
the bands show a strong southwestward preference in winter,
while almost all bands propagate northeastward in summer.
Although the wind ﬁltering in the middle atmosphere may
control AGW propagations in the zonal direction, the non-
uniform distribution of wave sources in the lower atmosphere
may contribute to the anisotropy in the meridional direction
in different seasons. Additionally, as an indication of local
instability, the characteristics of ripples are also analyzed. It
also shows seasonal variations, occurring more often in sum-
mer and winter and mainly moving westward in summer and
eastward in winter.
Keywords. Atmospheric composition and structure (Air-
glow and aurora) – Meteorology and atmospheric dynamics
(Middle atmosphere dynamics; Waves and tides)
Correspondence to: Q. Li
(qzli@spaceweather.ac.cn)
1 Introduction
The atmospheric gravity wave (AGW) is an important atmo-
spheric phenomenon (Hines, 1960). They are mainly gener-
ated in the troposphere by convection, front/jet stream, orog-
raphy and other sources. Although the middle atmosphere
wind ﬁltering would block some of the upward propagation
of AGWs, some fast propagating AGWs can reach the meso-
sphere and lower thermosphere (MLT) region. To conserve
the wave energy, the amplitude of the AGWs becomes large
and leads to wave saturation and breaking, inﬂuencing the
balance of dynamics and thermodynamics in the MLT (Vin-
cent, 1984; Taylor et al., 2001; Fritts and Alexander, 2003,
and references therein). Therefore, AGWs play an important
role in momentum and energy transports, thus controlling the
global-scale circulation in the MLT region (Houghton, 1978;
Lindzen, 1981; Holton, 1982). Hence, the studies of AGWs
and their effects in the MLT have been one of the essential
topics of the upper atmosphere dynamics (Fritts and Alexan-
der, 2003).
There are many techniques to observe the gravity wave ac-
tivities in the middle and upper atmosphere, such as radars,
lidars, photometers, rockets and satellite observations. In
particular, airglow imaging technique developed in 1970s
(Peterson and Kieffaber, 1973) provides a unique detecting
method by monitoring the nighttime airglow emission per-
turbation induced by the AGWs. Since then, many investiga-
tors have studied the two-dimensional horizontal character-
istics of AGWs in the MLT region using imaging technique
(Taylor, 1997). Through image processing, we can retrieve
AGW propagation directions, horizontal wavelengths, appar-
ent phase velocities and apparent periods.
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Seasonal variations of gravity wave activities in the MLT
region have been studied by several investigators with all-
sky imagers (e.g., Wu and Killeen, 1996; Nakamura et al.,
1999; Walterscheid et al., 1999; Medeiros et al., 2003; Ejiri
et al., 2003; Kim et al., 2010) over the past decades. Wu and
Killeen (1996) found that the gravity wave activities from
OH airglow observations showed a maximum in summer and
much weaker activities in winter at the Peach Mountain Ob-
servatory, Michigan (42.3◦ N, 83.7◦ W) from 1993 to 1994.
From 18 months of OH imager observations at Shigaraki
(34.9◦ N, 136.1◦ E), Nakamura et al. (1999) reported AGWs
propagated eastward in summer and westward in winter, re-
spectively. Using one year OH Meinel and OI (557.7nm)
band image data at Rikubetsu (43.5◦ N, 143.8◦ E) and Shi-
garaki(34.9◦ N,136.1◦ E)inJapanfromOctober1998toOc-
tober1999, Ejirietal.(2003)reportedthatAGWspropagated
either northward or northeastward in summer at both sites.
However, AGWs propagated generally westward at Riku-
betsu and dominantly southwestward at Shigaraki in winter.
By using long-term OH Meinel, O2 and OI (557.7nm) band
image data from July 2001 to September 2005 at Mt. Bo-
hyun, Korea (36.2◦ N, 128.9◦ E), Kim et al. (2010) found
that AGWs showed preference propagation directions, prop-
agating westward during fall and winter, and eastward dur-
ing spring and summer. In the Southern Hemisphere, by us-
ing OH Meinel and O2 band image data from April 1995 to
January 1996 in Adelaide (35◦ S, 138◦ E), Australia, Walter-
scheid et al. (1999) presented that most gravity waves were
possibly thermally ducted, mainly propagating poleward in
summer and equatorward in winter. Medeiros et al. (2003),
by analyzing 12 months observation at Cachoeira Paulista
(23◦ S, 45◦ W), found gravity waves exhibited preference
propagation directions, propagating southeast in summer and
northwest in winter.
The wave structures recorded by airglow imagers are usu-
ally short-period AGWs (<1h) with small horizontal wave-
lengths (from 5 to 100km) and long enough vertical wave-
lengths (>10km) (Liu and Swenson, 2003). Although some
special waves, such as “bores” and “walls”, can be observed
by the airglow imagers sometimes (Taylor et al., 1995b;
Swenson et al., 1998), most wave patterns are categorized
into two types: “bands” and “ripples” (Taylor et al., 1995a,
1997). Bands are large-scale, long-lived and often extended
over the entire ﬁeld of view. These AGWs can propagate
freely or be ducted by thermal and/or wind ducts in the MLT
(Isler et al., 1997; Walterscheid et al., 1999; Hecht et al.,
2001b; Snively and Pasko, 2005). Ripples are short-scale,
localized, small spatial extent (< 5×103 km2) and exhibit
short lifetime (<45min) (Peterson, 1979). They are believed
to be generated in-situ likely owing to dynamical or convec-
tive instabilities (Hecht et al., 2001a; Hecht, 2004; Li et al.,
2005a, b; Yue et al., 2010).
In this paper, we study the characteristics of wave patterns,
including both bands and ripples, observed by the all-sky air-
glow imager (ASAI) of near infrared (NIR) hydroxyl (OH)
Fig. 1. Map showing the location of the all-sky airglow imager at
Xinglong (40.2◦ N, 117.4◦ E). The circle has a radius of 200km,
which corresponds to a zenith angle of 67◦ for a height of 87km.
Meinel bands around 87km height at Xinglong (40.2◦ N,
117.4◦ E), China, from December 2009 to November 2010.
The occurrence frequency of AGW structures and seasonal
variations of the gravity wave parameters are analyzed. We
focus on the seasonal variations of gravity wave propagation
directions. In addition, the characteristics of ripples and its
seasonal variability are also discussed.
2 Instrumentation and data analysis
An ASAI was deployed at Xinglong (40.2◦ N, 117.4◦ E),
Hebei Province, in November, 2009 to observe AGWs in
the MLT region. Figure 1 shows the location of this imager.
The ASAI is part of the Meridian Project (Wang, 2010) opti-
cal ground-based instruments. The imager uses a Mamiya
24mm/f4.0 ﬁsheye lens with a 180◦ ﬁeld of view. It is
consisted of an eight-position, temperature stabilized ﬁlter
wheel. The CCD detector is back-illuminated, consisting of
1024×1024pixelswithapixeldepthof16bits. Thephysical
dimension of the CCD array is 13.3×13.3mm. The camera
system is thermoelectrically cooled to −70 ◦C (dark current
<0.5 electrons/pixel/sec). The observation process is con-
trolled automatically by software. In the current study, we
only observe the OH Band emission (87±5km) and do not
rotate the ﬁlter wheel. A band pass ﬁlter of 715–930nm is
inserted for the OH band, with a notch at 865.5nm to sup-
press the O2 (0, −1) emission. The integration time of OH
images is 1min.
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Fig. 2. (a) A 1024×1024 pixels OH airglow raw image observed on the night of 15 January 2010 at 12:17UT (20:17LT), (b) an unwrapped
TD image corresponding in an area of 512×512km, (c) the power spectrum of the rectangular area (120×180km) in Fig. 2b.
To extract the wave parameters from the airglow images,
the raw image data are processed as below. Firstly, we re-
move the star contaminations with a median ﬁlter (Coble et
al., 1998; Suzuki et al., 2007; Yue et al., 2009) because the
starlight can cause streaking when an image is projected onto
geographiccoordinatesandobscurethewavemotions. When
the value difference between the raw pixel value and the me-
dian of the surrounding pixels exceeds a certain threshold,
thentherawpixelvaluewillbereplacedbythemedianvalue.
Secondly, in order to remove the van Rhijin effect and atmo-
spheric extinction in the images, we divide the image by a
correction factor described by Kubota et al. (2001). To cor-
rect the distortion of the raw image by the ﬁsheye lens, we
project the raw images onto geographic coordinate with a
size of 512×512km, by assuming the OH airglow layer at
87km (Baker and Stair, 1988). Then, time-difference (TD)
images are created by taking the difference between two con-
secutive images (Swenson and Mende, 1994; Tang et al.,
2005; Suzuki et al., 2007). Because the TD process elimi-
nates the background, the high-frequency propagating wave
structures have a higher contrast than unprocessed raw im-
ages. Figure 2a shows an example of an OH airglow raw
image observed on the night of 15 January 2010. Figure 2b
shows its corresponding unwrapped TD image in an area of
512×512km.
The large-scale structures in airglow images, such as low-
frequency AGWs, tides, Milky Way and abrupt background
change can distort the wave spectrum calculation. To remove
this distortion, we take a step of detrending, which involves
ﬁtting a plane (constant) to the TD images and then subtract-
ing the plane from the TD images. A 2-D Hanning window
is applied to the TD images to minimize the resulted sidelobe
leakage.
Finally, we obtain the AGW parameters (propagation di-
rections, horizontal wavelengths, observed periods and ob-
served phase velocities) through 2-D FFT described by Gar-
cia et al. (1997). The propagation directions and horizontal
wavelengths are determined from the positions of the peaks
in the power spectrum. The observed period is calculated
from the phase change of a sequence of images. For ex-
ample, Fig. 2c gives the power spectrum of a rectangular
area (the size of the area) shown in Fig. 2b. The positions
of the peaks are at (±0.0083, ∓0.0333)km−1. Based on
the analysis above, the band event in Fig. 1 has a horizon-
tal wavelength of 29km, a phase velocity of 54ms−1 and an
observed period of 9min. Its azimuth angle is 166◦ (propa-
gating southeast).
3 Results and discussion
3.1 The characteristics of gravity waves
To start the statistical study of the AGWs observed by the
Xinglong imager, we checked the observing weather condi-
tion and the occurrence frequency of wave structures (bands
and ripples) for each month from December 2009 to Novem-
ber 2010. The monthly distribution of hours with clear and
new moon sky and time periods when wave structures are
observed are displayed from December 2009 to November
2010 in Fig. 3a. The time with clear sky near Xinglong is
signiﬁcantly longer in winter than in summer because the
summer is often rainy in northern China. So the deduced
statistics of AGWs in winter is more reliable than in sum-
mer. In this paper, the summer and winter include May–
August and November–February, respectively, and spring
and autumn cover March–April and September–October, re-
spectively. Figure 3b shows the histogram of monthly mean
occurrence frequency of AGW structures. Here, the occur-
rence frequency is deﬁned as the ratio of the hours with ob-
served wave structures to that with clear sky under new moon
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Fig. 3. (a) Monthly mean weather condition from December 2009
to November 2010 (open bar), and the monthly mean wave structure
(bands and ripples) observing hours (black column). The numbers
above bar show the clear sky nights per month, (b) occurrence fre-
quency of gravity waves, (c) occurrence frequency of ripples.
condition. The one-year averaged occurrence frequency of
wave structures from December 2009 to November 2010 is
75%. We ﬁnd that the AGW structures occurrence frequency
in summer and winter is higher than that in spring and au-
tumn in Fig. 3b. The wave occurrence frequency in sum-
mer may not exactly reﬂect the feature of wave activities be-
cause of the smaller dataset. Nakamura et al. (1999) and Kim
et al. (2010) also found the similar seasonal variations with
a larger occurrence rate at solstices at Shigaraki (34.9◦ N,
136.1◦ E) and Mt. Bohyun, Korea (36.2◦ N, 128.9◦ E), re-
spectively. Ejiri et al. (2003) found the AGW occurrence
frequency with a slightly value in summer at Rikubetsu
(43.5◦ N, 143.8◦ E) and Shigaraki (34.9◦ N, 136.1◦ E). Dou
et al. (2010) reported the AGW occurrence frequency was
higher in summer than in other seasons. However, Wu and
Killeen (1996) showed most AGWs observed in summer and
almost nothing in winter in Michigan (42.3◦ N, 83.7◦ W).
This discrepancy could be attributed to the fact that Wu and
Killeen (1996) only count the AGWs with large perturba-
tion amplitudes (>7.5%) in raw images and AGWs in winter
may have smaller amplitudes than in summer. TD images are
more sensitive to those AGWs with smaller perturbations.
Figure 4 shows the distributions of the parameters of
band events (totally of 120 events). Horizontal wavelengths
(Fig. 4a) are in the range of 10–35km, with an average value
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Fig. 4. Histograms of band parameters. (a) Horizontal wavelength,
(b) observed wave period, (c) observed horizontal phase speed.
of 22±7km (here, 22 is the average value, ±7 is the standard
deviation), observed wave periods (Fig. 4b) are 4–14min
with an average value of 8.1±3.0min. And observed hor-
izontal phase speeds (Fig. 4c) are 30–60ms−1, with an av-
erage value of 48±16ms−1. Compared to the AGW pa-
rameters observed at similar latitudes, Smith et al. (2000)
gave similar parameters of band events, with an average
horizontal wavelength of 21±7km, an average observed
period of 8.5±4.6min, and an average observed horizon-
tal phase speed of 47±20ms−1, respectively, at Millstone
(42.6◦ N, 71.5◦ W). Ejiri et al. (2003) reported an average
horizontal wavelength of 21km from OH airglow images
and slightly slower observed horizontal phase speed of 20–
50ms−1 from both OH and OI airglow images at Rikubetsu
(43.5◦ N, 143.8◦ E) and Shigaraki (34.9◦ N, 136.1◦ E).
Furthermore, Fig. 5 illustrates the seasonal variations in
the averaged parameters of band events. It should be noted
that there are no signiﬁcant seasonal variations of horizon-
tal wavelengths (Fig. 5a). Ejiri et al. (2003) also reported
there were no recognizable variations of the average hori-
zontal wavelengths at Rikubetsu (43.5◦ N, 143.8◦ E) and Shi-
garaki (34.9◦ N, 136.1◦ E) from both OH and OI airglow im-
ages (see the Fig. 6 in Ejiri et al., 2003). Figure 5b indicates
larger observed period in summer than in winter. Figure 5c
implies smaller observed horizontal phase speed in summer
than in winter. However, Ejiri et al. (2003) showed the av-
eraged observed horizontal phase speed was slightly larger
in summer than in winter at both locations from OH airglow
images. Owing to the smaller dataset in summer, more ob-
servation is necessary in summer for a clear picture of the
seasonal variations in this area.
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Fig. 5. The seasonal variations in the averaged band events param-
eters. (a) Averaged horizontal wavelength, (b) averaged observed
period, (c) averaged horizontal phase speed. Error bars give mean
errors for each season.
3.2 Anisotropic propagation direction of bands and its
possible mechanisms
Examination on the horizontal propagation direction of
AGWs is essential to understand the momentum ﬂux trans-
ported by AGWs. The polar histogram of the propagation di-
rections for all bands over one year are given in Fig. 6. Most
of bands exhibit dominant propagation in the meridional di-
rection rather than the zonal direction. Figure 7 shows the
seasonal variations of the propagation directions of bands.
The propagation directions of bands have a strong south-
westward preference in winter; on the other hand, almost all
bands propagate northeastward in summer. The number of
band events in summer is only about half of that in winter,
so accumulation of band events in summer with continuing
imager observation is necessary to reach a ﬁrm conclusion.
Critical-layer ﬁltering effect by the middle atmospheric
winds plays an important role in determining the anisotropic
distributions of AGW propagation in the zonal direction
(Taylor et al., 1993; Medeiros et al., 2003). The AGWs origi-
nated from lower atmosphere can be absorbed by the critical-
layer where the intrinsic frequency of the wave is Doppler-
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Fig. 6. Polar histogram of the propagation directions for all bands.
The values in radial direction represent the number of wave propa-
gation in each direction.
shifted to zero when they propagate upward. The Doppler-
shifted frequency  is expressed as
=ω−kU, (1)
whereω istheobservedangularfrequency, k isthehorizontal
wavenumber, U is the background wind speed in the direc-
tion of wave propagation.
Equation (1) can be rewritten as
=ω(1−
U
c
), (2)
where c is the observed horizontal phase speed of the wave.
Equation (2) can be expressed in terms of the zonal and
meridional components of the horizontal wind as
=ω(1−
ucosθ +vsinθ
c
), (3)
where u and v are the zonal and meridional components of
the horizontal wind, respectively. θ is the angle between the
horizontal wave vector and the eastward direction. When
the AGWs approach a critical-layer where c → U,  → 0,
Eq. (3) can be written as
c=ucosθ +vsinθ, (4)
using Eq. (4), we can determine the forbidden regions de-
ﬁned by ≤0, where the AGWs can not survive. The Hor-
izontal Wind Model 07 (HWM-07) (Drob et al., 2008; Em-
mert et al., 2008) is an empirical model comprising of satel-
lite, rocket and ground-based wind measurements. It is used
to estimate the horizontal wind U. Figure 8 gives “Blocking
diagrams” (e.g., Ryan, 1991; Taylor et al., 1993; Medeiros
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Fig. 7. Seasonal variations of the propagation directions of bands.
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et al., 2003) and shows the forbidden region for four sea-
sons. The blocking diagram does not match very well with
the bands anisotropic distributions. Among the four seasons,
summer exhibits a better matching, however, it still can not
explain why there is no eastward propagating wave. This
may be attributed to the following reasons: (1) the HWM-07
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Fig. 9. Local time dependence of ripple occurrence frequency in
summer and winter.
wind may not represent the real wind; (2) critical layer ﬁl-
tering may not be a dominant factor determining the wave
directions. As the blocking diagram can partly explain the
bands anisotropic distributions, the non-uniform distribution
of wave sources and wave ducts may also contribute to the
anisotropy of the bands propagation directions in different
seasons.
As mentioned, the observed bands mainly propagate
southwestward in winter and northeastward in summer.
Similarly, from 9 months of airglow imaging observa-
tions in Adelaide (35◦ S, 138◦ E), Australia, Walterscheid
et al. (1999) reported that AGWs dominantly propagated
poleward in summer and equatorward in winter. Dou et
al. (2010), by analyzing 5yr of OH imaging observations
from September 2003 to September 2008 in Northern Col-
orado (40.7◦ N, 104.9◦ W), reported similar results for the
AGW propagation directions in summer and winter. They
suggested that the AGWs might be generated from tropical
convection regions in summer and from the frontal systems
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atthepolewardsideofobservationsitesinwinter. Toaccount
for the seasonal variation of the AGW propagation in the
meridional direction, the non-uniform distribution of wave
sources in the lower atmosphere is invoked. Satellite obser-
vations (Wu and Waters, 1996; Nakamura et al., 2003) and
general circulation modeling (Richter et al., 2010) suggested
there are more convection in summer tropical region and
more jet stream/frontal systems at winter higher latitudes.
Based on multiple years of the Atmosphere Infrared Sounder
(AIRS) satellite observations, we do see most of AGWs in
the stratosphere propagating away from frontal systems in
northern China and Mongolia in winter, and from convec-
tion in southern China in summer (L. Hoffmann, personal
communication, 2011). Besides the distributions of wave
sources, Walterscheid et al. (1999) and Dou et al. (2010) ex-
plained that most of AGWs were ducted by the thermal ducts
in the lower thermosphere from tropical convection regions
in summer. Therefore, our results may be attributed to both
the seasonal variations of AGW sources and wave ducts.
Besides the seasonal variations, Dou et al. (2010) also dis-
cussed the interannual variations of AGW propagation direc-
tions. They found the percentage of propagation in each di-
rection varied from year to year, which may be due to the
year-to-year variations of wave sources, thermal ducting re-
gions, and the background wind. In order to understand the
climatological properties of AGW propagation, continuous
airglow imaging observation covering many years is desired.
3.3 The characteristics of ripples
In addition, we also looked at the local instability features,
ripples in the Xinglong airglow images. Altogether, we
found 238 ripple events from one year of airglow observa-
tions. The histogram of monthly mean occurrence frequency
of ripples is given in Fig. 3c. It also shows seasonal vari-
ations, with higher occurrence frequency in summer (except
for June) and winter, and lower in equinoctial months. More-
over, Fig. 9 displays the local time dependence of ripple oc-
currence frequency in summer and winter. We ﬁnd that the
occurrence frequency of ripples in summer is much larger
than that in winter from 22:00 to 23:00LT, however, it shows
larger occurrence frequency of ripples in winter than in sum-
mer from 03:00 to 04:00LT.
The movement directions of ripples are also discussed.
Figure 10 shows seasonal variations of the movement di-
rection of ripples. The ripples exhibit predominantly east-
ward movement directions in winter and westward in sum-
mer. However, Nakamura et al. (1999) reported that the
movement directions of ripples were preferentially north-
eastward in summer. We know that once ripples (Kelvin-
Helmholtz billows and convective billows) are formed, they
move with the mean wind and rotate with the wind shear in
the unstable region (Hecht, 2004). Figure 11 shows zonal
wind over December 2009 to November 2010 at Xinglong
from the HWM-07 Model. The eastward movement of rip-
ples agrees well with the background zonal wind at ∼87km
in winter (see Fig. 11), while the zonal mean wind in summer
is close to zero and ripples move westward. A simultaneous
background wind measurement would be ideal to reveal the
true correlation between the ripple movement directions and
background wind directions.
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4 Summary
In this paper, a yearlong AGW climatology in China is re-
ported for the ﬁrst time. We study the statistical characteris-
tics of gravity waves observed in the airglow images of NIR
OH Meinel bands at Xinglong (40.2◦ N, 117.4◦ E) from De-
cember 2009 to November 2010. The analysis results are
summarized as follows:
1. The occurrence frequency of wave activities in summer
and winter is higher than that in equinoctial months.
2. The band events typically have horizontal wavelengths
of 10–35km, observed periods of 4–14min, and phase
speeds of 30–60ms−1.
3. The propagation directions of bands show a strong
southwestward preference in winter, almost all waves
propagate northeastward in summer.
4. The wind ﬁltering, non-uniform distribution of wave
sourcesand wave ducts may contribute to theanisotropy
of the propagation directions in different seasons.
5. The predominantly eastward movement directions for
ripples in winter may be due to a strong eastward back-
ground wind at 87km.
It should be noted that the wind data calculated from HWM-
07 model may not accurately represent the local wind en-
vironment below the airglow layer. In order to investigate
in detail the properties of AGWs, simultaneous wind and
temperature measurements by other instruments nearby, such
as Fabry-Perot interferometer and meteor radar (Jiang et al.,
2011), will be included in future work. Through the mea-
surement of airglow intensity perturbation from the power
spectrum, we can also estimate the gravity wave momentum
ﬂux and its seasonal variability (Swenson and Liu, 1998).
This will be addressed in the future.
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